A BSTR A C T Epithelial cells of the toad bladder were disaggregated with EDTA, trypsin, hyaluronidase, or collagenase and were then scraped free of the underlying connective tissue. In most experiments EDTA was complexed with a divalent cation before the tissue was scraped. Q~o~, sucrose and inulin spaces, and electrolytes of the isolated cells were measured. Ceils disaggregated by collagenase or hyaluronidase consumed O3 at a rate of 4 ~1 hr -1 nag dry wt -I. Qo2 was increased 50 % by ADH (100 U/liter) or by cyclic 3',5'-AMP (10 re_M/liter). Na+-free Ringer's depressed the Qo~ by 40 %. The Qo~ of cells prepared by trypsin treatment or by two EDTA methods was depressed by Na+-free Ringer's but was stimulated relatively little by ADH. Two other EDTA protocols produced cells that did not respond to Na + lack or ADH. The intraeellular Na + and K + concentrations of collagenase-disaggregated cells were 32 and 117 mEq/kg cell H~O, respectively. Cation concentrations of hyalnronidase cells were similar, but ceils that did not respond to ADH had higher intraceUular Na + concentrations. Cells unresponsive to ADH and Na + lack had high sucrose spaces and low transcellular membrane gradients of Na +, K +, and C1-. The results suggest that trypsin and EDTA disaggregation damage the active Na + transport system of the isolated cell. Certain EDTA techniques may also produce a general increase in permeability. Collagenase and hyaluronidase ceils appear to function normally.
Since the epithelium probably comprises less than 50 % of the dry weight of the bladder, it should be possible to make some semiquantitative predictions about the pattern of oxygen consumption for an isolated cell preparation. The Qo, of the bladder scraped free of epithelium has been reported to be less than 25 % of the O~ consumption of the intact tissue (6) . Therefore, the Qo, of the epithelium should be at least twice that of the whole bladder. If it is assumed that the effects of vasopressin (ADH) and Na+-free bathing solutions on oxygen consumption are restricted to the epithelium, then isolated cells should be more sensitive to these effects than the intact tissue.
In the light of the above predictions both the toad bladder epithelial cell preparations described in the literature appear to be deficient. Schoessler (14) removed epithelial cells by scraping the mucosal surface. Whereas the Qo~ of the cells was stimulated by A D H and cyclic 3',5'-adenosine monophosphate (3',5'-AMP) and was depressed by Na+-free Ringer's solution, the resting oxygen consumption was less than that of the intact bladder. These results suggest a preparation with a large percentage of nonfunctional cells. Hays and coworkers (6) disaggregated the epithelium with EDTA and harvested cells released into a luminal Ringer solution by massage of the fluid-filled bladder lobe. The resting oxygen consumption of this preparation was somewhat greater than that of the intact bladder, but stimulation by A D H was equivocal.
It was the purpose of this study to reexamine E D T A disaggregation techniques along with enzymatic methods that have been used to separate epithelial cells of the kidney (3) and intestine (13, 16) . Na + transport of the isolated cells was evaluated by the changes in O2 consumption outlined earlier. The measurement of Na +, K +, CI-, Ca ++, and the inulin space of the isolated cell mass provided information about the intracellular electrolyte content of the epithelial cell.
M A T E R I A L S A N D M E T H O D S

A. Animals
Toads (Bufo marinus) were obtained from biological supply houses in Florida. The animals were kept in tanks at 20-24°C. One area of the tank floor was continuously rinsed with tap water. The tanks were illuminated for 14 hr a day. Toads were forcefed a mixture of ground liver, eggs, fish, and horse meat about twice a week. The Qo~ of bladders from winter toads returned to the summer level after the animals had been subjected to a week of this regimen of illumination and diet. Consequently, all toads used in this investigation were sacrified a week or more after receipt.
B. Solutions
A Ringer that contained 112 m_~ NaC1, 3.5 n~ KC1, 1.0 mu CaCI~, 2 rnu Na phosphate buffer (pH 8), and 10 mu glucose per liter of solution served as the control incubation fluid in these experiments. This solution had a freezing point equivalent to 120 raM/liter NaCI and a final pH of 7.8 after equilibration with 100 % 02. CaCI2 was omitted from the Ca++-free solutions. In Na+-free Ringer's choline CI replaced NaC1 and K phosphate replaced the Na phosphate buffer. These changes required a lower KCI content to maintain the K + concentration constant. The NaCI concentration of solutions that contained 2 mM/liter trisodium ethylenediaminetetraacetic acid (EDTA) or 10 rag/liter sodium cyclic 3',Y-adenosine monophosphate (3',5'-AMP) was reduced so that the Na + concentration remained constant. 
C. Disaggregation and Removal of Epithelial Cells
After doubly pithing a toad each bladder lobe was removed and divided in haft. The hemilobes were washed three times in Ca++-free Ringer's and were transferred to flasks with 4 ml of a Ca++-free Ringer that contained an enzyme or EDTA. The flasks were shaken slowly under an 02 atmosphere at 28°C. In all but one EDTA protocol a volume of a Ringer solution with 40 m~/liter of a divalent cation was added after 120 min. The addition of this solution resulted in a final free divalent cation concentration of 1 mM/liter. The flasks were agitated for another 30 min. Then the hemilobes were removed and pinned, mueosal (luminal) surface up, on a cork covered with Parafilm. The epithelial cells were removed by scraping the mucosal surface with the edge of a glass microscope slide moistened with Ringer's solution. The concentration of disaggregating agent was judged to be adequate when a single stroke of the slide removed more than three-fourths of the epithelial cells. The residual volume of epithelial cells was estimated from the yield of several subsequent scrapings. Only cells removed by the first scrape were used in these studies. The cells were washed by centrifugation and resnspension in control Ringer's solution. An average hemibladder yielded about 15 mg (wet weight) of epithelial ceils.
D. Measurement of Qo, at 25°C
The oxygen consumption of intact bladders and bladders scraped free of the epithelium was determined by conventional manometric techniques (17) . Differential syringe micrometer manometers (Roger Gilmont Instruments, Great Neck, N. Y.) were used to measure the Qo~ of suspensions of epithelial cells. These manometers are three times more sensitive than conventional manometers. Duplicate readings could be reproduced to within 1 /A. After the preparations had been equilibrated with 100 % 03, manometer readings were taken every 30 rain over a 2 hr period. The Qo~ of tissues and cell suspensions remained constant during this period. The dry weight of bladders was determined after drying the tissues to constant weight at 95°C. Cell suspensions were transferred from Warburg flasks to tared vessels. The complete transfer of cellular material was effected by rinsing the Warburg flasks several times with distilled water. The dry weight of an equal volume of cell-free Ringer's solution from the other side of the differential manometer was subtracted to obtain the dry weight of the cells. The volume of solution excluded by the cells in suspension was ignored in the calculation. This volume never exceeded 3 %.
E. Determination oJ Sucrose Space, Inulin Space, and Electrolyte Content
Epithelial ceils were added to 5 ml of control Ringer's solution that contained 0.5 ~c of sucrose-l*C (UL) (Nuclear Chicago Corp., Des Haines, IlL) or carboxyl inulin-14C (New England Nuclear Corp., Boston, Mass.). The suspension was agitated gently under an O , atmosphere at 25°C. After 1 hr the suspension was transferred to a Lucite centrifuge tube similar to the one described by Burg and Orloff (3). The suspension was centrifuged at 18,000 g for 20 rain. The temperature of the centrifuge was maintained at 20°C. Under these conditions the temperature of the supernatant in the tubes after centrifugation was 24°C 4-2°C. 100 /~1 of the supernatant Ringer was taken for 14C and electrolyte analyses. The remaining supernatant was decanted and the packed ceils were extruded onto Whatman No. 1 paper moistened with a drop of the supernatant. The cell mass was transferred to a tared flask. After the wet weight was obtained, the flask was dried overnight at 95 °C. The water content of the cell mass was taken as the difference between the wet and dry weights. 5 ml of 0.1 N HNO3 were added to the flask. The dried cell mass was shaken in the acid for 48 hr and then diluted to 10 ml with distilled water. Volumes of this solution were taken for I*C and electrolyte analyses. Samples of the supernatant bathing solution and water blanks were carried through the same drying and extraction procedures. After neutralization of the extract with N a O H , ~C was determined by liquid scintillation counting in a dioxane fluor. The uniformity of the sample quench was checked by the channel ratios method. The per cent of the volume of cell mass water in equilibrium with the tracer was taken as:
Cpm of the cell mass extract )< volume of the supernatant )< 100 C p m of the supernatant X volume of the cell mass H 2 0 Na +, K +, and Ca ++ concentrations of the extract were determined with an Eppendorf flame photometer. A small correction for the interference of Na + was required in the Ca ++ determinations. CI-was measured with a Coflove titrator.
R E S U L T S
Before the effects of various disaggregation techniques on isolated cell O~ c o n s u m p t i o n could be explored, it was necessary to r e p r o d u c e the reported Qo, changes linked with active sodium transport in the intact tissue. The effects of various agents and bathing solutions on the Qo2 of the intact toad bladder are listed in Table I . Incubation of the bladder in control Ringer's resulted in a Qo, of 1.4 ul hr -1 mg dry wt -a. This Qo, is comparable to values obtained by other investigators (6, 9) . The replacement of bathing solution Na+ by choline led to a 25 % reduction in 02 consumption. The Qo, of tissues bathed in Ringer's that contained A D H (100 U/liter) or 3 ' , 5 ' -A M P (10 m~/liter) was about 35 % greater than that of the control. All these alterations in 02 consumption have been reported to be accompanied by parallel changes in short-circuit current or net sodium transport across the in vitro toad bladder preparation (1, 8, 9, 11) . Hays et al. (6) found that Ca++-free Ringer's with EDTA raised the Qo, of bladders above the control level. A Table I demonstrate that dicalcium E D T A does not affect O5 consumption. In subsequent experiments the sodium transport function of isolated epithelial cells has been inferred from the pattern of Qo~ response to ADH, 3', 5'-AMP, and Na+-free Ringer's. It will be shown that the effect of E D T A on bladder O5 consumption was probably not restricted to the epithelial cells. The manipulation of the bathing solution Ca ++ concentration during disaggregation stemmed from a suggestion of Hays et al. (6) , who felt that cells disaggregated with E D T A and removed in the absence of Ca ++ may have been damaged by the mechanical manipulation. Thus, in all but one of the disaggregation protocols of this study cells were scraped free in the presence of a normal concentration of Ca ++ in the bathing solution. The preliminary experiments summarized in Table II demonstrate the effects of the addition of an excess of Ca ++ on the increase in Qo, of the intact bladder induced by EDTA. The magnitude of the EDTA stimulation during the 1 st hr was similar to that reported in Table I . Thus, the reduction observed after Ca ++ addition represents a nearly complete reversal of the EDTA effect on Qo~-It was hoped that Ca ++ would also reverse those effects of EDTA treatment that might lead to functional damage during the scraping procedure. Table III lists the Qo, of epithelial cells in various Ringer's solutions after disaggregation by several methods. In each of the disaggregation procedures the upward arrow indicates that point in the protocol at which the cells were scraped from the tissue. The first line of data in the table was calculated for cells removed in the absence of Ca ++ after incubation for 2 hr in EDTA Ringer's. The separated cells were subsequently washed three times in control Ringer's (1 n~/ l i t e r Ca++). In each of the EDTA procedures that follow, Ca ++ or Mg ++ was added before the cells were removed. The pH listed in the protocol approximates the bathing solution value after the addition of divalent cation but prior to cell removal. With enzymatic disaggregafion Ca ++ was added also before cell removal. The pH of the enzyme Ringer (7.8) was not changed by the addition of Ca ++ . Cells disaggregated by collagenase or hyaluronidase consumed O3 at a rate of 4 ul hr -1 mg dry wt -1 in control Ringer's. This Qo, was 1 ~1 greater than those calculated for cells disaggregated with trypsin or by any EDTA technique and was nearly 2 ul higher than the value for the isolated cells studied by Hays and coworkers (6) . Hyaluronidase was judged to be a less consistent disaggregating agent than collagenase. Effective hyaluronidase concentrations ranged from 0.4 to 2 g/liter whereas collagenase provided satisfactory cell separation at 0.2-0.4 g/liter. The erratic degree of disaggregation and function with hyaluronidase-treated cells is evidenced by the relatively large standard errors for the eight experiments listed in Table III .
The Qo2 of collagenase cells was increased about 50~0 by ADH (100 U / liter) or 3', 5'-AMP (10 mg/liter) and was reduced 48% by the replacement of bathing solution Na + by choline. Similar changes were obtained for cells prepared with hyaluronidase, but the variation was so large that the stimulation by A D H was not quite significant.
Two other patterns of response were observed. One pattern was observed for epithelia disaggregated with EDTA followed by cell removal in the absence of Ca ++ (EDTA-T -Ca++) or cell removal from a Ringer with Ca ++ at pH 7 (EDTA-Ca++(pH 7)-T )-ADH or 3 ' , 5 ' -A M P stimulated the Qo2 of these cells very little, but choline Ringer's lowered the O3 consumption to an absolute rate comparable to that observed for cells prepared with collagenase. The response of cells disaggregated with trypsin (0.1 g/liter) probably fits into this pattern as well. In contrast, cells disaggregated with EDTA and removed in the presence of Mg ++ (EDTA-Mg++(pH 7)-~ ) or in the presence of Ca ++ and low pH (EDTA-Ca++(pH 5)-~ ) failed to respond to ADH, AMP, or choline Ringer's.
Since there were marked differences in the Qo, response pattern of cells disaggregated by various techniques, a preliminary microscopic examination was undertaken to search for structural alterations. Fig. 1 depicts cells disaggregated by four methods. The most consistent finding was a high incidence of vacuolation in all cells except those removed with collagenase. Vacuoles had been noted previously in cells separated with EDTA (6). This phenomenon is generally acknowledged as an indicator of cell damage (2) . Although each of the preparations that exhibited vacuoles was found to be functionally abnormal, there were two patterns of deficit (see Discussion).
It was noted that EDTA, ADH, and A M P produced nearly identical increments in the Qo~ of the intact bladder (Table I) . However, the stimulalation of collagenase-separated cells by EDTA reported in Table III was about one-half the increase obtained with ADH or 3', 5'-AMP. These results would be expected if EDTA stimulated the oxygen consumption of nonepithelial as well as epithelial cells of the intact bladder. In order to test this hypothesis and to determine the Qo~ of the residual tissue, bladders scraped
free of epithelium were incubated in control, ADH, or EDTA Ringer's. The data in Table IV indicate that the Qo, of the bladder without the epithelium can be stimulated significantly by EDTA but not by ADH. The absence of an ADH effect on the scraped preparation was also reported by Hays et al. Table V range from 45 to 62% of the cell mass water. These findings indicate that a relatively large volume of extracellular water was associated with the extruded column of cells. By gross observation the cell mass appeared gelatinous. It seemed likely that the continual secretion of mucus might be responsible for the consistency of the cell mass and the large extracellular space. Sucrose also proved to be a reliable marker of the extracellular volume in all T 
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Volume of distrlbution S e e t e x t for an explanation of the treatment sequence in disaggregation. For a d e s c r i p t i o n of n and the concentrations of the disaggregating agents see Table III . * Sucrose space significantly different (p < 0.05) from the inulin space of ceils disaggregated by the same protocol.
but two preparations. The sucrose space was significantly greater than inulin space for cells disaggregated with E D T A and scraped free in the presence of Mg ++ (EDTA-Mg++(pH 7)-T ). A mean difference of similar magnitude was determined for cells prepared by the EDTA-Ca++(pH 5)-1" sequence. The inulin spaces of Table V were used to calculate the intracellular electrolyte concentrations listed in Table VI . Sucrose spaces were used also L~ except for cells removed by the two protocols mentioned above in which this volume appeared to be larger than that of inulin. Several patterns of electrolyte content can be discerned. Cells disaggregated with collagenase contained higher intracellular K + and Ca ++ and lower intracellular Na + and C1-than the intact bladder. With the content of collagenase cells as a basis, all other methods of disaggregation except hyaluronidase produced cells with significantly higher cell Na +. In addition, cells disaggregated by the EDTACa++(pH 5)-T or EDTA-Mg++(pH 7)-T protocol had lower transcellular membrane gradients of K + and C1-. Intracellular Ca ++ concentrations of all isolated cell preparations were higher than those calculated for the intact bladder. Only cells disaggregated by EDTA and scraped in the presence of Ca ++ and at pH 7 had a cell Ca ++ different from that of collagenase cells.
DISCUSSION
If the O~ consumption of isolated cells is used as an index of active Na + transport, then the transport function of cells prepared with collagenase approached that of the epithelium of the intact tissue. These cells had a higher resting Qo, than cells disaggregated by any other agent except hyaluronidase. A high resting Qo2 need not imply normal cell function. However, when this observation is considered along with the Qo, changes produced by ADH, 3', 5'-AMP, and choline Ringer's, a normal pattern of transport can be inferred. Each of the alterations in isolated cell Qo~ was greater than those recorded for the intact bladder under the same conditions. As stated in the Introduction these results would be expected if the actions of ADH, 3 r, 5'-AMP, and choline Ringer's were to alter selectively the Na + transport of the epithelial cells. It should be possible to estimate from the data of Tables I,  III , and IV the fractional contribution of the epithelial cells to the total tissue weight. For this calculation it must be assumed that during disaggregation each unit of the epithelium and residual tissue suffers no change in Qo,. Epithelial cells prepared with collagenase were calculated to make up 0.34, 0.30, and 0.37 of the total tissue weight after incubation in control, ADH, and EDTA Ringer's, respectively. Even though these figures are not unreasonable, they could reflect a limited reduction in transport by the entire isolated cell population or a complete lack of function in a small percentage of the cells. Microscopic examination puts the maximum contribution of the epithelium to the total cross-sectional thickness of the bladder at about 0.25 (12) . Actual measurements on micrographs in the literature give fractions of 0.19 and 0.17 (4, 15) . Nevertheless, cells disaggregated with collagenase (and, perhaps, hyaluronidase) obviously represent a considerable improvement in transport function over preparations described previously in the literature (6, 14) or cells prepared by any other method in this study. The data listed in the last line of Table VI and the results of other investi-
gators (5) indicate that, based on whole tissue analyses, the average bladder cell is characterized by a relatively high intracellular Na ÷ concentration. However, cells disaggregated with collagenase contained 32 mEq of Na + and 117 mEq of K+/kg of cell water. These results are remarkably similar to intracellular cation concentrations reported for Necturus and frog kidney epithelium (19) . Thus, the high Na + of the intact bladder is probably the contribution of components within the connective tissue and serosal layers. The electrolyte composition of the isolated cell may also shed some light on the observation that of the 75 mEq of intracellular Na+/kg of water (again, calculated from whole bladder analysis) only about 15 mEq are in specific activity equilibrium with 24Na added to the mucosal surface (7). One interpretation of this small radiosodium pool is that Na ÷ associated with active transport resides in a compartment smaller than the volume of the epithelium. However, the low intracellular Na + concentration of cells prepared with collagenase is compatible with a uniform distribution of Na ÷ within the epithelium. The entire transport pool can be accommodated by an epithelium that occupies nearly one-half of the noninulin space of the tissue. EDTA disaggregation produced cells with two distinct patterns of O3 consumption, inulin and sucrose space, and electrolyte content. Epithelia removed by the EDTA-Ca÷+(pH 7)-T or the EDTA-T-Ca++ protocol exhibited a resting Qo~ lower than that of collagenase cells. O~ consumption was slightly increased by ADH or 3', 5'-AMP but was significantly decreased by the absence of bathing solution Na +. Of the cellular electrolytes measured only Na + differed consistently from the level in collagenase cells. The lower resting Qo~ and the lack of hormone stimulation indicate a reduction in the rate of Na + transport out of the cell. The observed decrease in Qo, to the basal level by choline Ringer's is expected since this maneuver only makes sodium unavailable to the transport system regardless of its status. A reduced transport function in resting and stimulated cells might arise indirectly from a decreased rate of Na + penetration into the cell or directly by an inhibition of the pump. Since the steady-state level of intracellular Na + was increased rather than decreased, a direct action of the disaggregation procedure on the transport system seems likely. Although electrolytes were not measured, the pattern of 02 consumption of cells disaggregated with trypsin probably fits the same pattern.
It is likely that the damage to the transport mechanism with EDTA disaggregation was ultimately effected by the mechanical manipulation. The evidence for this assertion appears in Table I . Similar increments in Qo~ and presumably in Na + transport were observed when ADH was added to the intact tissue in control or EDTA Ringer's. During the experiment a few cells became detached from the bladders incubated in EDTA Ringer's, and much of the epithelium was lifted free of the residual tissue when the bladder was blotted at the end of the experiment. Therefore, the epithelial cells were probably disaggregated during the time the bladder responded to ADH. Once scraped free, however, the cells were not stimulated by the hormone (Table III) .
A more deranged pattern of function and electrolyte content was observed for the EDTA disaggregation sequences labeled EDTA-Ca++(pH 5)-T and EDTA-Mg++(pH 7)-T. The resting 02 consumptions were comparable to those recorded for ceils prepared by the other two EDTA methods. In contrast, choline Ringer's, as well as ADH and 3', 5'-AMP, failed to alter the Qo~ • Sucrose spaces were larger than inulin spaces. Transcellular membrane gradients of Na+, K+, and CI-were reduced. The over-all pattern indicates a general damage to the cell. The alterations in ion gradients and sucrose space can be interpreted as an increase in the permeability of the cell to electrolytes and nonelectrolytes, in addition to an inhibition of Na + transport. Since these cells were scraped in the presence of Mg ++ or a relatively high H+ concentration, it is postulated that the reaction of an unknown cation with cellular sites protects the cell from general damage. Mg ++ and H + compete with this cation, but their interactions with the hypothetical sites do not stabilize the cell against damage. Although the protective cation may be Ca ++, as evidenced by the absence of a general permeability change with the EDTA-Ca++(pH 7)-T protocol, it is doubtful that enough Ca ++ and buffering capacity were transferred from the Ringer moistened slide to the tissue to promote the postulated reaction during cell removal in the EDTA-T-Ca++ sequence.
The results of this investigation do little to deepen our insight into the mechanisms involved in the attachment of bladder epithelial cells to each other or to the rest of the tissue. It would be tempting to say that collagenase and hyaluronidase were successful disaggregating agents because the enzymes specifically catalyzed the breakdown of components in the intercellular cement or basement lamella. However, neither of these enzymes was highly purified. In particular, eollagenase is described by the manufacturer as possessing a peptidase and a trypsin-like proteinase. The major contribution of the study lies in the characterization of the epithelial cells disaggregated by collagenase. This preparation should provide a useful tool for further study of the physiology of epithelia involved in ion transport.
